INTRODUCTION
Partial discharge (PD) monitoring and identification in a power equipment is an important means of finding the incipient insulation faults and preventing the accidents. Among various methods for monitoring the PD signals of power equipment, the ultra-high frequency (UHF) method has high sensitivity and strong anti-interference performance. Moreover, it can identify the fault type and precisely locate the PDs. The UHF method has become a hotspot during the past two decades [1] [2] [3] . The insulation defects in a power equipment have different types, such as the floating electrodes, free metallic particles and the contamination on the surface of insulators. Since different defects have various discharge characteristics and impose different degrees of damages on the power equipment, an accurate assessment of the insulation status is of great importance.
Until now, the most used method of PD pattern recognition is based on the phase distribution spectra [4] . However, this kind of method doesn't take any wave form information of PD pulses into consideration. Besides, the requirement of phase synchronization information of power frequency increases the system complexity and error.
In this paper, we proposed a novel PD recognition method based on the time domain single of PD pulses which requires no phase synchronization information. The main idea of this method is that the UHF signals of PDs are regarded as the low frequency pulse signals modulated by the high frequency signals. Therefore, a Hilbert transform is adopted to demodulate the low frequency signals to form the envelope of detected PD signal. Then the recognition of UHF PD signals can be achieved by extracting their corresponding envelope characteristics.
ENVELOP CHARACTERISTIC EXTRACTION FOR UHF SIGNALS

Enveloping PD signal
Using the UHF method, the effective frequencies of the measured PD signals generally range from 300 MHz to 1.5 GHz, i.e., they can be regarded as the high frequency oscillation signals. To gain an insight into the overall tendency of the high frequency signals in time domain, we should acquire the signal's envelope.
The common methods for extracting the signal envelope include Hilbert transform, demodulation filtering method, high pass absolute value demodulation and spline curve method. Demodulation filtering method extracts the envelope with respect to the middle line of the signal's positive half cycle, while the high pass absolute value method extracts the envelope regarding the signal's middle line. Thus, both methods cannot acquire the actual signal envelope. The principle of the interpolation point selection can hardly be determined for the spline curve method which has poor adaptability to various types of signals. Hence it was not adopted in the present work.
For a signal x(t) with continuous time domain, the Hilbert transform is defined as the convolution of this signal with h(t)=1/t, i.e.,
The analytic signal of the original signal x(t) is defined as:
The modulus of the analytic signal can be written as:
which is exactly the envelope of the original signal x(t). For a discrete signal sequence x(n) with the length of m and the corresponding sequence X(k) after fast Fourier transform (FFT), there is
where A(k) denotes the FFT sequence corresponding to the discrete analytic signal a(n) in x(n).
After the inverse fast Fourier transform (IFFT) on the acquired A(k), the modulus was solved. Thus the envelope signal E(n) can be obtained:
Characteristic parameters extraction
After obtaining the envelopes of UHF signals through Hilbert transform, we can observe that the envelopes of different types of PD signals are similar to the double exponential function of an attenuated vibration in waveform, but have obvious differences in oscillation frequency and attenuation time constant. The types of PD signals can then be identified by extracting the data at several key points.
As shown in Fig. 1 , we preliminarily extracted five characteristic values of the envelope of UHF PD signals. They are pulse peak V top , the first wave trough after the peak V v1 , the first wave peak after the peak V p1 , the second wave trough after the peak V v2 and the second wave peak after the peak V p2 . The differences in the distance between PD source and sensor and in PD type will affect the amplitude of UHF signals. Therefore, the above described original characteristic values should be first normalized, and then can be used as the characteristic parameters of PD signals.
Feature space construction
With the computing speed and the algorithm's performance and intuitiveness taken into account, three characteristic parameters with the most favorable discrimination performance were selected to construct the feature space, i.e., to select three parameters with optimal discrimination performance in the set (6) as the {x, y, z} in feature space. It should be achieved as far as possible that the constructed 3D feature space is able to differentiate each type of PD signals, i.e., the emphasis should be laid on the global discrimination. Therefore, in the selection of characteristic parameters, we should follow the principle: the combination of the characteristic parameters with the poorest discrimination performance on the PDs of a certain or several types should be excluded. Accordingly, the differentiability of each type of PD signals at each dimension of characteristic parameter was calculated in this paper to select the optimal combination of feature space.
EXPERIMENTS AND RESULTS
Experimental setup
To examine the effectiveness of the proposed method, an experimental platform was established as shown in Fig. 2 . Three defect samples were designed for simulating three types of typical insulation faults, namely, surface discharge, metal particles and floating potential. The UHF signals of these three faults were obtained by the experiments as shown in Fig. 3 . According to the proposed method, the characteristic parameters of waveforms were extracted as shown in Fig. 4 where type 1, type 2 and type 3 denote the PD signals of the artificial defects surface discharge, floating potential and metal particles, respectively. Table 2 gives the differentiability of each characteristic parameter of the PD signals of different defects. Table 3 reports the differentiability of different combinations of characteristic parameters. The bold denotes the poorest discrimination performance. As shown in Table 3 , there is no bold value for V p1 /V top . Therefore, the characteristic parameters with favorable discrimination performance are V v1 /V top , V v2 /V top and V p2 /V top . A specific 3D space could be built by these three characteristic parameters as the coordinates.
Using proposed characteristic parameters, even a simple three layers back propagation (BP) neural network can identify these three types of PD signals. The recognition results are shown in Table 4 . As shown in Table 4 , the pattern recognition performance is favorable. Therefore, the selected characteristic parameters in this paper are of great help to effective PD recognitions.
CONCLUSIONS
In this paper, the algorithm for extracting the envelopes of UHF signals is proposed and the corresponding envelope characteristic parameters were investigated. Together with neural network, we also proposed a PD recognition technique based on the envelope characteristics of UHF signals. The experiment proved that the envelopes of UHF PD signals abstracted by Hilbert transform can effectively characterize different types of PDs.
